The electronic properties of thermally grown ZrO& thin films before and after Ar+ bombardment have been studied with resonant photoemission spectroscopy using synchrotron radiation. For stoichiometric Zr02 thin films the experimental valence-band spectra are in good agreement with the calculated density of states for bulk Zr02. For both stoichiometric and Ar+-bombarded Zr02 thin films, resonant photoemission from the valence band was observed when the photon energy was swept through the Zr 4p~4d transition energy. The resonant profile was found to exhibit a maximum at hv=39 eV, followed by a second well-resolved broad maximum around 50 eV. The feature at 39 eV is consistent with resonant enhancement of the Zr 4d states and has been used to identify those regions of the valence band with an important Zr 4d admixture. The results are in good agreement with the calculated Zr 4d partial density of states. The intensity increase observed at hv-45 -50 eV is found to be associated with the nonbonding region of the valence band, although a proper interpretation is needed. In addition, it was found that Ar+ bombardment induces electronic states in the band-gap region and changes in the 0 2p valence band. Three distinct emission bands were identified in the band gap as a function of the Ar+ dose. They are associated with the formation of oxygen vacancies and mixed oxidation states due to preferential sputtering of the oxygen atoms. Resonant photoemission of these Ar+-bombarded films demonstrates both the cationic character of the band-gap states and the increase of the cationic contribution to the 0 2p valence band.
I. INTRODUCTION
The main purpose of this paper is to investigate the electronic structure of thermally grown Zr02 thin films as well as the effects induced by Ar+ bombardment using resonant photoemission spectroscopy (RPES). The electronic band structure of Zr02, a refractory transitionmetal oxide (TMO), is of great interest from both the technological and fundamental points of view. Its wide use as a high-performance ceramic for nuclear and hightemperature applications, as well as in gas sensing, electro-optical, thin-film, and catalysis applications makes band structure information very important for understanding its physical and chemical properties. Past investigations seem to have been oriented mainly towards practical aspects, ' rather than towards these more fundamental aspects. ' Only a few experiments have probed the electronic structure of Zr02, ' and their in- terpretation has relied on a limited number of band structure calculations.
Moreover, the electronic structure of defects on transition-metal oxides has also become a subject of extensive study. ' All the valence-band spectra presented in this paper have been normalized to the photon Aux as measured at a gold mirror at the entrance of the spectrometer chamber.
In most cases a background has been subtracted from the spectra using standard methods.
III. RESULTS AND DISCUSSION
A. Electronic structure of ZrO& Figure 1 shows an overview spectrum of thermally The process of resonant photoemission has been exten- In order to study separately the behavior of the bonding and nonbonding contributions to the valence band, we followed a procedure previously used by Zhang, Jeng, and Heinrich in their study of resonance effects in Ti02.
According to these authors the valence-band spectra can be analyzed in terms of three Gaussians, labeled "bonding, " "nonbonding, " and "overlapping, " the widths and energies of which are summarized in Table I for the whole series of spectra. A typical fit is shown in Fig. 4(a) for the VB spectrum measured at h v=50 eV. Obviously the high-and the low-binding-energy components involve predominantly the bonding and nonbonding orbitals, respectively, whereas the component labeled "overlapping" helps to get a better fit to the valence band.
A more quantitative insight into the resonance effects FIG. 4 . Analysis of the valence-band photoemission spectrum at h v=50 eV using three and two Gaussians for ZrO& (a) and ZrO (b), respectively.
can be gained by integrating the areas associated with the different components of the valence band and thus generating spectra equivalent to the usual constant-initialstate (CIS) curves. The photon energy dependence of the total intensity of the valence band has thus been depicted in Fig. 5 together with that of the intensity of the bonding, nonbonding, and overlapping components and of the emission band in the gap. The profiles are rather complex and quite unlike the ideal Fano-like curves. In the case of the total valence-band intensity (curve a) the pro61e is characterized by a rise at 36 eV with a max- Fig. 2 Figure 7 shows valence-band spectra in the 0 -14 eV binding-energy range, taken at hv=39 eV (i.e. , on resonance), for the initial ZrOz surface (lowest curve) and after various degrees of Ar+ bombardment. In addition, the band-gap region (4 eV~EiI~0 For 2 keV Ar+ ions the intensities of three diferent contributions at 1.2 eV (V), 2.5 eV (o ), and 3.8 eV (4) of oxygen vacancies produces more complex defect structures and even significant changes of stoichiometry. This is probably the origin of the two sharp features observed only after heavy reduction of the surface (i.e., high-defect-density surfaces). The high-binding-energy feature at 3.8 eV we assign to bulk Zr-0 vacancy complexes associated with the formation of lower oxidation states (i.e. , Zr +, Zr +). Furthermore, the band can be related to an optical absorption at 3.31 eV observed in cubic zirconia and attributed to sixfold-coordinated Zr + by Azzoni and Paleari using electron paramagnetic resonance.
In contrast, the weakest band observed at 1.2 eV requires still heavier reduction to be unambiguously distinguished.
It is tentatively ascribed to the formation of small clusters of Zr+ and even Zr in the limiting species of the sputtering process when Ar+ bombardment produces much higher defect densities, and more electrons populate the Zr 4d orbitals. In fact, the formation of mixed oxidation states (i.e. , Zr +, Zr +, Zr+, and Zr ) has been demonstrated by XPS. The cationic character of all these band-gap states is confirmed by the resonant photoemission spectra shown below.
Although the most significant effect of the Ar+ bombardment is the growth of the emission features in the gap, the 0 2p valence band is also observed to undergo changes. Figure 9 compares the valence-band photoemission spectra for the stoichiometric and severely reduced surfaces. In general, we observed a decrease in the valence-band width and an increase in its intensity due to the presence of additional reduced cations, which increase the d contribution. The valence band maximum moves 0.45 eV away from the Fermi level (i.e, band bending) as a consequence of the reduction of the surface. In fact, it is well established that electrons trapped in oxygen vacancies occupy localized empty orbitals of the cations, pushing up the Fermi level and bending the whole electronic structure to higher binding energies. Figure 10 shows photoemission spectra of ZrO after its exposure to increasing amounts of 02 at temperatures between 298 and 473 K (as labeled). The figure shows rather clearly that an oxygen exposure of 100 L at 298 K causes a significant decrease in the intensity of the gap states. On the contrary, practically no change is observed in the shape of the 0 2p band. Only after exposures above 300 L at 423 K does the valence-band spectrum recover the shape of that for Zr02. Thus, although generation of states in the band gap and modification of the valence-band shape occur simultaneously during Ar+ bombardment, the second effect remains even after removal of the oxygen vacancies by 02 adsorption at low temperatures. This fact suggests that the shape could be related to the amor phization and loss of the threedimensional order of Zr02 by Ar+ bornbardrnent. Furthermore, according to these results the modified structure characterized by a higher covalency (see below) is preserved until the structure is annealed above 423 K.
In order to observe any possible inAuence from the ion energy we performed a similar detailed study of the effects induced by 0.5 keV Ar+ ions. The effects are qualitatively very similar to those discussed above for 2 keV Ar+ ions, but not so intense. After a similar sputtering time we observed that the steady state reached at 0.5 keV consists of an altered layer with considerably fewer defects than that obtained by sputtering with 2 keV Ar+ ions (Fig. 8) . In the following resonant photoemission experiments on the reduced surface using 0.5 keV ions are described. D. Resonant photoemission of ZrO" Figure 11 shows an overview photoemission spectrum taken after bombardment with 0.5 keV Ar+ ions for 135 min (i.e. , steady state). Compared with the spectrum of Zr02 in Fig. 1 Fig. 4(b) . The Gaussian labeled as nonbonding is assigned to the lowest-binding-energy cornponent, whereas the bonding one has been assigned to the highest-binding-energy component.
The resonance profiles of Fig. 13 show a behavior similar to those measured for stoichiometric Zr02. FICx. 12. Photoemission spectra of the valence band (left) and the band-gap emission (right) from ZrO"(see Fig. 11 ) as a function of the photon energy. (Fig. 6) and ZrO (Fig. 14) leads to the conclusion that whereas the 0 2p component is significantly reduced in intensity the Zr 4d contribution increases over the width of the valence band but more strongly in the nonbonding region. Although the cationic component is probably overestimated, the data indicate that the creation of oxygen vacancies and the heavy reduction of the oxide by Ar+ bombardment causes a significant decrease in the number of ionic Zr-0 bonds and a considerable increase in covalency for the modified surface.
IV. SUMMARY AND CONCLUSIONS
The electronic structure of thermally grown Zr02 thin films before and after Ar+ bombardment was studied with resonant photoemission spectroscopy using synchrotron radiation. Good agreement has been found between the valence-band spectra of thermally grown Zr02 thin films and the calculated density of states for bulk Zr02. For both stoichiometric and Ar+-bombarded Zr02 thin films, resonant photoemission from the valence band was observed when the photon energy was tuned through the Zr 4p -+4d transition energy. A rather complex dependence of the total valence-band intensity on the photon energy was found. The resonance profile exhibits a maximum at h v= 39 eV followed by a second broad structure at 45 -50 eV. The intensity enhancement observed at 39 eV is consistent with the resonant photoemission of Zr 4d states involved in the valence band. In fact, the phenomenon has been used to identify those regions of the valence band with an important Zr 4d character and also to estimate the degree of Zr 4d/0 2p hybridization.
The second resonance at photon energies between 45 and 50 eV is associated with the nonbonding region of the valence band; however, its origin remains unexplained.
In addition, we have studied the changes that occur in the electronic structure of Zr02 when it is reduced by Ar+ bombardment. 
